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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS

Some information provided herein is limited in value since the original articles neither reported on sampling vari-
ability nor provided numerical data for a statistical estimation of rhythm parameters, as indicated in the table
by the lack of confidence limits for phase and amplitude values. Phase Marker: that feature of circadian rhythm
chosen for indication of phase relations--e.g., marker can be crest (high point) of rhythm. Crest is italicized when
determined by harmonic analysis--e.g., the ""cosinor" method {(see Part I, reference 23); any effect of anonsinusoidal
shape of circadian rhythmic function then remains unevaluated. Unless otherwise stated in the literature, the crest-
phase estimate or sample phase, ¢, is a statistical average computed from data covering an appropriate number of
circadian cycles. The data may be obtained''longitudinally' from one individual, and/or "transversely" from a group
of comparable individuals during one or a few cycles. Abbreviations and Symbols: ¢ = sample phase (see above);
A¢ = any consistent change in ¢, unless otherwise statedin the reference; -A¢ = delaying change (one or a few periods
lengthened); +A¢ = advancing change (one or a few periods shortened); ~ = approximately; At = time interval between
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS

consecutive observations; L=1light; D=dark; LL= continuous light; DD =continuous dark; L¢=fluorescent lamps; L =
incandescent lamps. Figures in parentheses after L give intensity in lux (values originally reported in footcandles
have been multiplied by 10.8). Figures in brackets after L or D give either duration, or span of clock hours in local
time--e.g., L[12 hr}kD[12 hr] = a cycle of 12 hours of light alternating with 12 hours of darkness; L;(50){06%-18%]:
D[18%°-06%] = a cycle of light at an intensity of 50 lux (incandescent source) from 6:00 a.m. to 6:00 p.m., alternating
with darkness from 6:00 p.m. to 6:00 a.m.

Part 1. REGULARLY ALTERNATING LIGHT:DARK CYCLE

No. of Days: time span covered by observations. Synchronizer Schedule: lighting regimen. Series Average: the
mean from all subjects and samplingtimes;"X = 100%" indicates data were reported only as percentage deviations, at
different time points, from the overall mean value. Circadian Amplitude: the difference between the highest {(or lowest)
value and mean value in a sinusoidal oscillation; determined by harmonic analysis. Values in parentheses are con-
fidence limits roughly equivalent to estimate ''b" (see Introduction). Values in brackets give one-half the range of
group means over the circadian period, and were included as an approximation of circadian amplitude when only
group means at different clock hours were available. ¢ of Rhythm from Different Origins is given redundantly in
several units: in degrees from "Mid-D" or "Mic-L" (with 360° = pericd of rhythm--e.g., 24 hr); in hours from
"light on" (L-on) or "light off" (L-off); and in local clock time (only for the 24~hour synchronized rhythm of man).
A minus value denotes that the phase marker, on the rhythm, occurred later (by the span specified--e.g., in degrees)
than the temporal reference point or time origin. Values in parentheses are approximate confidence limits, 95% or
99%, indicated by one or two asterisks, respectively.

No. of No. of Synchronizer Blologleal Variable Series|Circadian| ¢ of Rhythm [Ref-
Subjects Days Schedul [Phase Marker) Aver-| Ampli- from Different | er-
[at, nrl sdule 8e ° age tude Origins ence

Diurnally Activel-

Homo sapiens 2 !

1] 193d,~20 Epidermal mitoses, % |1.9 1.3{0.6~ iLocal 00%: 00+ 41
yr of cells [Crest] 2.0) (2250-02%8) %
2| 6 1+ [4] 1.{08%9-23%9]: Skin reactivity to his- |X = |24(16-33)|Mid-D: -290° 38
Df23%0-08%] tamine [Crest] 100% Local 00%; 2252
3] 130, 18-35 |1 [~3] L[07%0-23%]: 17-Hydroxycorticoste- |14 4(2-6) Mid-D: -100° 22
yri Dl23%-07] roid, ug/100 ml (-45 to -144)%*
plasma [ Crest ] Local 00%; 942
(06°%°-12%6)*
4| 160, 18-35 |1 [~3] 1.[07%0-23%]; Electrocortical activi- |49 5(2-8) Mid-D: -159° 9
yre D[230%-07%0] ty, arbitrary units (=123 to -193)*¥
[Crest] Local 00%: 13%
(112¢-1559)%
5| 4d, 20-42 |1 [~6] L[o6¢6-2313]; Testostercne, pg/100 |0.72 |0.11(0.04-{Mid-D: -128° 7
yrés D[2335-96%) ml plasma [ Crest ] 0.18) (=61 to -210)%*
Local 00%: 113
07°8-17%)%
6| 11c, 21-25 [1 [~1.5] [Llo720-23%]; Oral temperature, °C  }36.6 |0.4(0.3- |Mid-D: -200° 19
yré Df23%-07%] [Crest] 0.5) (=181 to -221)%*

Local 00%0; 164
{(15%-1813)%

7 Eosinophils, cells/mm?3 [ 347 61(40-82) [Mid-D: -324°
blood [ Crest ) (-286 to -346 )X
Local 00%Y: 01V
(2238-0233)%
8| 19, 37 yr& |34 [~3.3] |L[0s%-235]: Oral temperature, °C  136.7 |0.33(0.27-{Mid-D: -191° 27
Df2315-06%] [Crest ] 0.39) (-183 to -199)%¥

Local 00%: |5
(15%2-1617)%

9 Urine volume, ml/hr 45 9(6-12) [Mid-D: -88°
[Crest] (-62 to =118)%*
Local 00%; 0854
(0710-10%)*
10 Urine sodium, mEq/hr {8 2.09(1.27-{Mid-D: -94°
[Crest ] 2.91) (-71 to -120)**
Local 00%: 091®
(074-112) %
11 Urine potassium, 4 1,07(0.64-{Mid-D: -141°
mEu/hr [Crest ] 1.50) (-117 to -164)%*
Local 00%: 12%
(10%7-1354)%

L, Or active at undefined times. 2, Approximate rest or sleep span of the daily regimen corresponds roughly to the
D span of the synchronizer schedule. & Observations on different subjects. % Repeated observations.

continued
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS

Part 1. REGULARLY ALTERNATING LIGHT: DARK CYCLE
No. of }g" of Synchronizer Biological Variable i.r“_. Circlﬁ_m fr: of m‘.ﬁm l:;‘_
Subjects rys Schedule [Phase Marker] ver mp =
[at, hrl age tude Origins ence
Diurnally Activel
H. sapiens 2
12| 10, 37 yri (34 [~3.3] |L[06%s-2318]: Urine 17-hydroxycor- |0.4  [0.17(0.13~{Mid-D: -130° 27
D[235-06%] ticoateroid, mg/hr 0.20) (~117 to -144)%x
[Crest] Local 00%: 113
(107-1229)%
13 Urine 17-ketosteroid, |0.5 0.1(0.07- {Mid-D: -99°
mg/hr [ Crest] 0.14) (-78 to ~126)**
Local 00%°: 09
(0814-119)*
14| Fringilla L{400)[12 hrl: Activity [Onset] Mid-D: -90°; 1
coelebs, 34, 1L{0.4){12 hr] o L-on: 0 hr
15 [Gallus do- |1 [2] 1.[03%0-21%]; Liver glycogen, % 2.3 [1.2] Mid-D: ~-255° | 42
mesticus, D[21%0-03%] [Crest] L-on: ~-14 hr
190, 14 days %
16 | Passer do- |(0.25-3]% [Natural lighting Mitoses in testes Mid-D: ~-45°; 39
mesticus, 32 (March) {Crest] L-on: ~-21 hr
17 [ Tetranychus |[3-4] 1L.[08%0-22%]; SusceptibilityZ to ether/25 (3] Mid-D: ~(-75to | 33
wrticae, D[229°-08%] chloroform, & carbon -120°); L-on:
45005 tetrachloride; minutes ~0.3 hr
- recovery time& [Crest
18 | Drosophila L[2 hr):D[22 hr] Eclosion [Median) Mid-D: ~-135% | 36
pseudoob- L-on: -22 hr
scura, cul- L[8 hr]:D[16 hr] Eclosion [Median] Mid-D: ~-120°;
tures L-on: 0 hr
L[12 hr]:D[12 hr] Eclosion [Median] Mid-D: ~=200°;
L-on: -3.3 hr
L{16 hr]:D[8 hr] Eclosion [Median] Mid-D: ~-120°;
I L-on: -4 hr
L[20 hr]:D[4 hr] Eclosion [Median]) Mid-D: ~~75°;
L-on: -3 hr
19 Skeleton photoperi- |[Eclosion [Median] @ from first L
ods: 1-12 hr, with signal similar
L:D span = 24 hr% to that observed
with complete
photoperiods
(see entry 18)
20 L[15 min}:D[20 hr, [Eclosion [Median] Mid-D: -270°%;
45 min]) L-on: -5.5 hr
L[15 min):D[22 nr, Eclosion [Median] Mid-D: -200°;
15 min] L-on: -1.4 hr
L[15 min}:D[23 hr, [Eclosion [Median] Mid-D: -180%;
25 min] L-~on: -23.3 hr
L[15 min]:D[24 hr, |Eclosion [Median] Mid-D: -60°;
45 min] L-on: =16.9 hr
Nocturnally Active
21| Mesocricetus|i0 [1] L{12 hr]:D[12 hr]  [Activity [Onset] Mid-L: ~-90°% 1
auratus, 3% L-off: ~0
Mus musculus
2| o 1 f~4} L[08%-20%]; SusceptibilityZ to pen- (X = 30% Mid-L: ~0; 5
D[2090-08%] tobarbital anesthesia, 100% L-off: ~=18 hr
_ duration [Crest]
23| 84d,5 wk |1 [4] Ls[06%-18%): Mitoses in liver paren- |[X = |"147"% |Mid-L: -13%(-330] 12
D[ 189°-06%] chyma [ Crest ] 100%| (37-257)| to -56)% L-off:
-18.8 hr
24| 84 1 {4] Lf{06%0~18%]: Mitoses in pinnal epi- |X = |44% Mid-L: -21°(-359| 11
D[18%-06>] dermis [Crest ] 100%| (26-62) | to 43)%; L-off:
-19.4 hr

L Or active at undefined times.
D span of the synchronizer schedule.

Y Approximate rest or sleep span of the daily regimen corresponds roughly to the

%, Repeated observations. & Smgle observations. & Each bird was studied on

the day after capture, at a single time point which varied among birds. Z Suaceptlbllity rhythms refer to physiolog-
ical changes dependent on the times (circadian system phases) at which exposure to the noxious agent occurred.

2/ Evaluation based on recovery time of 50% of subjects.
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2 e.g., L{15 minl:D[11.5 hr):L[15 min):D[12 hr].
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS

Part 1. REGULARLY ALTERNATING LIGHT: DARK CYCLE
No. of No. of Synchronizer Biological Variable Series \Circadlan ¢ of Rhythm Ret-
Subjecta Days Schedule [Phase Marker] Aver-| Ampli~ | from Different \er-
[at, hr] age tude Origins ence
Nocturnally Active
M. musculus
25 | >60 1 [a] Le{06°0-18%]: Mitoses in adrenal cor- |X = 39% (23- |[Mid-L: -150° 16
D[18%°0-062°) tical parenchyma 100%| 55) (~127 to -174)%;
[Crest] L-off: -4.0 hr
26 Mitoses in adrenal cor- = 30% Mid~-L: -165°
tical stroma [Crest] 100% (-106 to -224)%;
L-off: -5.0 hr
27 | >604:1 1 {4] L¢l06%°-18%]: Gross motor activity |X = |65% (23- |Mid-L: -160° 16
D[ 180%-06%} [Crest ] 100%| 107) (-123 to -198)%;
L-off: 4.7 hr
28 | >6022 1 [4] Lg[06-18%]: Blood eosinophils X= |98% Mid-L: -359° 18
D{18%0-06] [Crest] 100% (-340 to -378)%;
. L-off: -17.9 hr
29 | >605:20 1 [4] Lgl06%-18%): Colonic temperature,°C [36.4 |[1.2(1.0- |Mid-L: -171° 20
D[18%-06%]) [Crest ] 1.4) (-162 to -179)%;
B L L-off: -5.4 hr
30 | >6012 1[4} Le{06%°-18%]; Adrenal corticosterone {X = [21% (9- [Mid-L: -85%-54 | 15
D[18°7-06%) [Crest ] 100%| 33) to -117)%; L-
) . off: -23.7 hr
31 | >60% 1 [4] Le[0690-18%]: Susceptibility - to etha- |39 16(9-23) [Mid-L: -107° 26
D{18%-06%] nol, % mortality (-80 to -134);
[cCrest ] L-off: -1.1 hr
32 | B6, 2700 1 [4] Li{10-150)[06%°-18%]:[Susceptibility Z- to ace- |~76 |[14] Mid-L: ~-120°% | 25
D[18%-06%°) tylcholine, % mortal- L-off: ~=2 hr
ity® [ Crest ]
Bagg albino
33 360 1 [4] L£(10-150)[06%°-18%]:| Adrenal reactivity to  |X =  |[75%] Mid-L: -240°; 43
D[18%-06%) ACTH, in vitro{Crest ]| 100% L-off: =10 hr
34 120, to- |1 [4] Lg(10-150)[06%°-18%]:|Inorganic phosphorus, |69 10.1(8.2- |[Mid-L: -326°; L-| 32
15 wk D[18%-06%] pg/ml plasma [Crest ] 12.1) off: -15.7 hr
35 1204, 4-5 |1 (4] Lg(10-150)[06°0-18%]:[Susceptibility Z- to oua- |45 (18] Mid-L: ~~300% | 17
mo D[18%-060°] bain, % mortality 3 L-off: ~-14 hr
J— [Crest ]
36 104025 |1 [4] L#(10-150){06%-18%]:|Change in serum corti- |~210 [[110]} Mid-L: ~-180° | 25
D[ 18%0-06%] costerone after ACTH L-off: ~=6 hr
injection, % ¥ [ Crest]
37 12099, 1 [4] Le(10-150)[06%°-18%]:[Susceptibility Z- to endo-| X = 71%(47- |Mid-L: -37°(-18 | 21
mature D[18%-06%) toxin, mortality 15 100%| 95) to -57)%; L-off:
[Crest] -20.5 hr
38 3409, 2-3 L¢(10-150)[06%°-18]:[Hypophyseal adreno- X= [[30%] Mid-L: ~0° L- | 44
mo D[18%-06%) corticotropic function, | 100% off: ~~18 hr
in vitro® [Crest ]
Bagg albino & D8
39 120¢, ma-i1 {4] Lg{10-150)[06%0-18%]:|Kidney transamidinase |[X = [[10%] Mid-L: ~-60°; 45
ture D[18°°-06™] [Crest] 100% L-off: ~-22 hr
40 60098171 (4] [Ly(10-150)[06°-18%]):|Serum corticosterone |X = |45%(34- |Mid-L: -48°(-34 | 16
D[ 18%-06°°] [Crest ) 100%| 56) to -62)%; L-off:
,,,,, _ o -21.2 hr
Bagg albino & other strains
41 1200, 4 |1 [4] L¢(10-150){062-18%}:| Adrenal succinic dehy- X = [25%] Mid-L: ~-60°; 10
mo _ D[18°0-06™] drogenase [Crest] 100%] L-off: ~=22 hr
42 4400, 1 (4] Le(10-150)[06™-18%]:|Susceptibility 2 to X= [[90%) Mid-L: ~-60°; 8
mature D[18™-06]} methopyrapone, mor- 100% L-off: ~-22 hr
L tality 12 [Crest ] .
43 | C57BL, 1 (4] L¢(10~150)[06%-18™]:|Susceptibility - to ~17  [{13] Mid-L: ~-180° | 31
[ ~100d D[18™-06] Fluothane, % mortal- L-off: ~~6 hr
L_ ] L ity 12 [Crest ] L

4 Repeated observations. £- Single observations. Z- Susceptibility rhythms refer to physiological changes dependent
onthe times (circadian system phases) at which exposure to the noxious agent occurred. & See also Part IV, WEval-
uation 4 hours after intraperitoneal injection. 2 Evalvation within minutes after injection. 2 Evaluation 10 minutes
to 1 week after injection. ¥ Evaluation 15 minutes after injection. ¥ Evaluation 1 week after injection. & Adrenals
removed at 04” and incubated with hypophyseal glands removed at different clock hours. X Various ages. & Eval-
uation 6 hours after injection. 2 Evaluation 7 minutes after exposure to vapor.

589
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS

Part 1. REGULARLY ALTERNATING LIGHT: DARK CYCLE
No. of No. of Synchronizer Biological Variable Series |Circadlan ¢ of Rhythm - Ret-
Subjects Days Schedule [Phase Marker] Aver- | Ampli- | from Different  er-
[at, hr) age tude Origins ence
Nocturnally Active
M., musculus
D8
44 | ~120,5 |1[4] Lg(10-150)[06%°-18%]: [SusceptibilityZ- to au- X =  |67% (31- [Mid-L: -128° 13
wk B D[18%0-06] diogenic convul- 100%| 103) (-98 to -159)%;
sions 2 [ Crest ] L-off: 2.6 hr
45 3849 1 [4] L{10-150)[06°-18®]:[Susceptibility ~ to di- |~36 |[9] Mid-L: ~-60°; 14
D[18%°-06%} methylbenzanthracene, L-off: ~-22 hr
% with breast can-
. cer 2 [Crest] . ]
46 | D8& C57BL,|1 [4} Lg(10-150)[06%0-18%]: [Susceptibility 2+ to lib- = [30%] Mid-L: ~-180% | 30
2600, ma- D[1890-067°] rium 2 [Crest] 100% L-off: ~=6 hr
ture
47 | DBA/2, 3 [4] L[08%-20%]: SusceptibilityZ to hex- |~380 [[40] Mid-L: ~-150% | 6
~200¢, D[20°°-08%°] afluorodiethyl ether, L-off: ~-4 hr
5-11 wk& sec for convulsions
[Crestz] RSN SR,
48 | Swiss- 1[4] L[o700-19%]: Susceptibility Z- to whole|~8 {2.5] Mid-L: ~-195% | 37
Webster & D[19%°-07%] body X-irradiation, L-off: ~-7 hr
C3H, 60 days for 50% mortal-
ity [Crest2]
ZBC3
49 1200, 4-5 |1 (4] Lg(10-150)[06%°-18%]:| Liver glycogen, mg/g |17.1 [15.8(14- [Mid-L: -294° 3
wk D[18%-06%] [Crest ] 17.6) (-288 to -300)%;
L-off: -13.6 hr
50 84d, 4-5 |1 [4] L¢(10-150)[06-18%]:|Liver DNA uptake of P33|X = 48% Mid-L: -270°
wk D[18%-06) [Crest ] 100% (-196 to -346)%;
L-off: -12 hr
51 Liver RNA uptake of P3| X = 14% (9- [Mid-L: -177°
[Crest ] 100%| 19) {-156 to ~199)%;
L-off: -5.8 hr
52 Liver phospholipid up- {X = 13% (9- |Mid-L: -164°
take of P® [Crest ] 100%| 17) (-146 to -182)%;
1 L-off: -4.9 hr
Rattus norvegicus
53| 36 1 (4] Lg[0600-18%): Adrenal pantothenate, |[~140 [[20] Mid-L: ~-180°% | 10
D[18%0-06%°] mug/mg fat-free dry L-off: ~=6 hr
wt [Crest]
54 | 979 1[2] L[06%0-180%0]: Hypophyseal prolactin, |~0.05 |[[0.05] Mid-L: ~-60°; 4
D{18%-06%] L.U./mg [Crest] L-off: ~-22 hr ~
Sprague-Dawle
55 40, 6-10 6] Le{06%0-18%]; SusceptibilityZ- to pen- | 48 [25] Mid-L: ~-150% | 34
mo D[ 18°0-060] tobarbital, % mortal- L-off: ~-4 hr
ity [Crest]
56 90, 6-10 |2 [2-6] |Lgf06%°-18%]: SusceptibilityZ to tre- | 58 [30] Mid-L: ~~-180°;
mo D[ 18%-06%} morine, % mortality L-off: ~=6 hr
[Crest]
57 600" 21-¢] [L[ogeo-20%]: Thyroid-stimulating ~160 [[57] Mid-L: ~-270° | 2
D[20%°-08%] hormone, U.S.P, milli- L-off: ~-12 hr
units/hypophysis {Crest]
58 ~190d, 1[2] L[06%-18%]: Neutrophils/mm? blood [2220 |626(328- [Mid-L: -304° 5
350-400 D[18%°-06%] [Crest] 924) (=277 to -331)%;
g8 L-off: -14.3 hr
59 Eosinophils/mm3 blood | 293 96(51- Mid-L: -318°
[Crest ] 141) (-291 to -345)%;
L-off: -15.2 hr
60 Lymphocytes /mm?®blood| 12,200] 2820 Mid-L: -305°
Crest (2020- | (-289 to -321)%;
L] as20) L-off: -14.3 hpl 777777

5, Single observations.
system phases) at which exposure to the noxious agent occurred.

noise. 2L Evaluation several months ffter oral administration.

refers to maximum susceptibility, interpreted as the inverse of response latency.

590

2, Susceptibility rhythms refer to physiological changes dependent on the times {circadian
, Evaluation within 60 seconds after exposure to
23, Evaluation based on mean survival time.

3, Crest
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS

Part 1. REGULARLY ALTERNATING LIGHT: DARK CYCLE
No. of No. of Synchronizer Biological Variable i"“_' Cji\rcaiifn f:;:: gilgt:mt R:f_
Subjects Days Schedule [Phase Marker] ver mp erent e
[At, hr] age tude Origins ence
Nocturnally Active
R. norvegicus|
Sprague-Dawley
61 142, 6 18 [~1]  |Lg(400) 06%0-18%]: Intraperitoneal tem- 37.3  10.6(0.5- |Mid-L: -184° 24
mo#/ D[18%-06%] perature, °C % 0.7) (178 to -190)%%;
[Crest] L-off: -6.3 hr
(-5.9 to -6.6)%
Wistar &
62 1049, 24 |1 [2] L[06%0-16%]: Mitoses in liver/1000 f6] Mid-L: ~-315°% | 29
days D{16%0-06%} cells [Crest] L-off: ~-16 hr
63 15,200 8 [1] Li(130)[07%-19%): |General activity [Crest] Mid-L: ~-165% | 28
days & D[19%°-07%]) L-off: ~-5 hr
64 43,250 g P (4] L[05%-21%]: Urine volume, 3.9 1.8 Mid-L: -198° 16
D[2130-05%) ml/4 hr [Crest ] (-185 to -211)%;
L-off: -5.2 hr
65 Urine histamine, 21.7 (8.2 Mid-L: -154°
pgl/4 hr [Crest ] (-127 to -181)%;
L-off: -2.3 hr
66 | Acheta do- |[3] L[08%-20%]: SusceptibilityZ to ether, [~40 |~(3] Mid-L: ~-135°%; | 33
mesticus D[20%0-08%] chloroform & carbon L-off: ~-3 hr
(Gryllus do-{ _______ tetrachloride; minutes
mesticus %), 25005} recovery time & [Crest}
67 [ Leucophaea L[Z3hr]:D[T hr] Activity [Onset} Mid-L: ~-1705 | 40
maderae L-off: ~0
'L[16 hr):D[8 hr] Activity [Onset] Mid-L: ~-120%;
L-off: ~0
'L{12 hr):D(12 hrl Activity [Onset] Mid-L: ~-90°;
L-off: ~0
‘L[7 hr :DI17 hr) Activity [Onset] Mid-L: ~-50°;
L-off: ~0
IT{1 hr}:D{23 hr] Activity [Onset] Mid-L: ~-10%
L-off: ~0

%, Repeated observations. & Single observations. Z- Susceptibility rhythms refer to physiological changes dependent
on the times (circadian system phases) at which exposure to the noxious agent occurred. & Evaluation based on re-
covery time of 50% of subjects. 2 Determined by telemetry from implanted transensors. ¥ Food and water at will,
% Synonym.

Contributors: Nelson, Walter, and Halberg, Franz
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Parc 1. REGULARLY ALTERNATING LIGHT: DARK CYCLE
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Parc 1I. PHASE CHANGE OF LIGHT: DARK CYCLE

. Biological | Ret-
No.of | Variable | Response of o
Subfects [Phase Change in Lighting Regimen Rhythm Remarks er-
| ence
I Marker] 1
Homo sapiens !‘
11 8 Axillary tem- |L{07*-22%]:D[22%-07""| changed Resynchronization |Abrupt reversion to 15
perature abruptly to in all subjects in previous regimen
[Pattern] Dl10>-19"]:1.{190-10%] 1 3-4 days after resulted in similar
_ | change rate of ¢ shift |
2] 8 Urine volume; |L[07-22%]:D[22%-07"*]changed  |Resynchronization |Abrupt reversion to 16
urine pH & abruptly to in ~6(4-8) days previous regimen
specific D(10%-19°}:L{19™-10%]2 resulted in similar
gravity [Pat- ‘ rate of ¢ shift
tern . B T B R S |
3 12 Oral temper- [24-hr periodic routine changed to IResynchronization in 1-2 days in 11, 14
ature [Pat- 21- or 27-hr periodic routine of 12 subjects (apparently similar|
tern) o for 21- & 27-hr routines) H
4] 12~ 7 "{Urinc volume; [24-hr periodic routine changed to |Resynchronization in 1-2 days in 3 | 13,

um, chloride, 4 wk or more for resynchroniza-

T
]
urine sodi- 21- or 27-hr periodic routine of 12 subjects; 8 subjects required, 14
1
1
& potassium [Crest] tion of potassium rhythm H

]

5 {Vlesocrice- |Running-wheel|L[097-21>):D[2T7-09™ | changed Resynchronization |Rate of ¢ shift typi- 5
fius aura- | activity [On- | abruptly to in ~3 wk (by cal of most hamsters
tus, 1 set] D[09*-21]:L[21%-097] +A9)

Mus musculus B I

61 3 Total activity |L[12 hr):D{12 hr] period gradually |No resynchronization-:N-ifﬁ-p-e-r-iaa-s-: 17

[Weighted lengthened or shortened (in steps | shorter than 21 hr or longer than|
midpoint of of 1 hr at At of a few days), with 27 hr (¢ drifting occurred beyond,
maximum ) L and D spans equal these extremes) [[777°77TTTTTT

7 Fotal activity |L[12 hr]:D{12 hr]™ changed abruptly [No resynchroniza-

[Weighted {in steps of at least 4 hr) to L:D tion

midpoint of periods of 20,16,28, & 22 hr, with

maximum L and D spans equal e

8| 600 Liver glyco- |Lg(10-150)[06™-187]:D[18%-06°°]" |Resynchronization |20 mice at Atof 4 hr |6
gen [Pat- changed to in ~8 days (by during 24-hr spans
tern] D{06™-18%]:L¢(10-150)[18%-06"] -A¢) before, and 5,6,8, & 9
by single 24-hr D span days after, change in
lighting regimen; rate
of A¢ slower during
first 4 days than dur-
. o ing last 4 days

L Blindfold used for D span.
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS

Part 1I. PHASE CHANGE OF LIGHT: DARK CYCLE
Blological Ret-
sff&"::' ‘E;;‘:::‘ Change in Lighting Regimen R’;ﬁ;:‘h‘; of Remarks er-
ence
Marker]
M. musculus
9| 480 Liver RNA up- |Lg(10-150)[06°-18%]:D[18%-06°] |Resynchronization [20 mice at Atof 4hr |2
take of P32 changed to complete in 8-9 during 24-hr spans
[Pattern] D[ 06%0-18%]:L¢(10-150)[18%-06] days before, and 4,8, & 21
days after, changein
lighting regimen
10{ 150 Kidney trans- Lf(10-150)[06°°-18°°]:-5[18°°-06°°] Resynchronization [12 or more mice at 18
amidinase changed abruptly to in ~2 wk At of 4 hr during
{Pattern] D[06°°-18%]:L¢(10-150)[18%°-06) 24-hr spans
11| 428 Susceptibility [Lg(10-150)[06%0-18%):D[18%-06%]  |Resynchronization |15 mice at At of 4 hr | 9
to ethanol2, | changed to in ~2 wk before, and 4,8, & 16
% mortality |D[06%0-18%]:L¢{10-150)[18%-06] days after, change in
[Pattern] lighting regimen
12 [M. muscu- |Mitoses in epi-|L[06%-18%]:D[18%-06%]changed Resynchronization (Separate groups of 7
lus, D8 dermis [Dif- | abruptly to in >9-<23 days mice studied before,
ferences at |D[06%°-18%]:L{1800-06%] and 3,9, & 23 days af~
12% & 00%] ter, change in light-
ing regimen
13 (Peromys- | Running-wheellL;{43)[16 hr):L(0.009)[8 hr] All 3 rhythms syn- 12
cus mani-| activity, food| changed to chronized with the
culatus, 1 | consumption |Li{43}{8 hr):Dusk[1 hrl: 16-hr regimen af-
& water con-| Lj(0,009)(6 hr]l:Dawnl[] hr]2- ter ~4 days
sumption i
[Pattern]
Rattus norvegicus
14| 1 Running-wheel|L[08%-16%]:D[16%-08%] changed to |Resynchronization 10,
activity [Pat- [D[08%-20%]:1[2 0%-08%°]by single in 7-10 days 11
tern) 28-hr D span
15| 3 Intraperitone- |Lg(200)[06%-18%]:D[18%-06%] Resynchronization |[Temperature deter- 8
al tempera- | changed to in ~8 days (by mined by telemetry
ture [Crest] |D[06%0-18%):L¢(200)[18%-06%]by -Ag) from implanted tran-
single 24-hr L span sensors
16| 3 Intraperitone- |L;(25)[06%°-18%):D[18%-06%] Resynchronization |[Temperature deter- 8
al tempera- changed to in ~8 days (by mined by telemetry
ture [Crest] |D[06%°-18%]:L;(25)[18%-06]by -Ag) from implanted tran-
single 24-hr D span sensors
171 7 Intraperitone- Li(Z)[06°°-18°°J:D[18°°-06°°] Resynchronization |Temperature deter- 8
al tempera- changed to in ~8 days (by mined by telemetry
ture [Crest] D[06°°-18°°]:Li(2)[18°°-06°°]by ~A¢) from implanted tran-
single 24-hr L span sensors
18/ 9 Intraperitone- |L;i(2)[06%0-18%}:D[18%-06%) Resynchronization |Temperature deter- | 8
al tempera- chagged to in ~8 days (by mined by telemetry
ture [Crest] D[o¢ -,~18°°]:Li(2)[!8°°-06°°]hy -Ag) from implanted tran-
sindle 24-hr D span sensors
19 | Coturnix Intra-abdomi- 14[0600-2000]:-13[20”-060"] changed Resynchronization |Temperature deter- 19
japonica,6| nal tempera-| abruptly to within 24 hr mined with implanted
ture Df10%-20%]:L;[2000-10%] thermocouple
Fringilla coelebs 1
20| 13 Activity [On- |L(250){12 hr]:L(0.5){12 hrlinverted |Average of 5-6 days required for |
set] by single 24-hr L(0.5) span resynchronization (by -A¢) ,
21} 9 Activity [On- |L(250){12 hr):1(0.5)[12 hr]inverted [Average of 5-6 days |Masking effect of light
set] by single 24-hr 1.{250) span required for re- resulted in initial
synchronization +A¢ in some birds
22 9 Activity [On- (1.(250)[12 hr}:1(0.5)[12 hr]shifted [Average of 2-3 days
set] by single subtraction of either 6 required for resyn-
hr L{250) or 6 hr L{0.5) chronization (by +A¢)
23| 8 Activity [On- |L(250){12 hr]:1{0.5)12 hr]shifted |Average of 4-5 days
set] by single addition of either é hr required for resyn-
14250) or 6 hr L{0.5) chronization {(by -A¢)
Uca sp.
24| 10% Chromato- L{~430)[06°0-1 890]:D[18™-06%] Resynchronization 4
phore [Pat- | changed to apparent on 2nd
tern) D[09%°-21%°]: L,(~1600)[21%°-09%] day
L by single 27-hr L span
2/ Administered intraperitoneally. 2 Using "twilight transitions." % Repeated observations.
continued
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS
Part 1. PHASE CHANGE OF LIGHT: DARK CYCLE

x Biological R ¢ Ref-
. sponse o
Susfocts | [Phase |  CHATGS in Lighting Regtmen "Rtythen TOmATEE Jemce
Marker)
Uca sp.
25 1045, Chromato- L:D (natural) changed to ¢ in DD shifted ~12 3
phore [Pat- | L;(1080)[19%°-079°):D[07%0-19%] hr from ¢ in L:D
tern] for 6 days, then to DD; observa- | (natural)
tions made for 1st 5 days in DD
26 Chromato- L:D (natural) changed to ¢ in DD shifted ~6
phore [Pat- { L;(22)[190-07°]:D[07°~19%] for | hr from ¢ in L:D
tern] 6 days, then to DD; observations {natural)
made for 1st 5 days in DD

4, Repeated observations. & At At of 6 hours.
Contributors: Nelson, Walter, and Halberg, Franz

References: [1] Aschoff, J., and R. Wever. 1963. Z. Vergleich. Physiol. 46:321. [2] Barnum, C. P. 1961. Rept.
Ross Pediat. Res. Conf. 39:79, [3] Brown, F. A., M. Fingerman, and M. N. Hines. 1954. Biol. Bull. 106:308.
[4] Brown, F. A., and II. M. Webb. 1949. Physiol. Zool. 22:136. [5] Bruce, V. G. 1960. Cold Spring Harbor
Symp. Quant. Biol. 25:29. [6] Halberg, F., P.G. Albrecht, and C. P. Barnum, Jr. 1960. Am. J. Physiol. 199:400.
[?] Halberg, F., J.J. Bittnee, and D. Smith. 1957. Z. Vitamin. Hormon. Fr mentforsch. 9:69. [8] Halberg, F.,
et al. Unpublished. Univ. Minnes a, Dept. Pathology, Minneapolis, 1965. [ Haus, E. 1964. Ann. N. Y. Acad.
Sci. 117:292. [10] Hemmingsen, 3. M., and N. B. Krarup. 1937. Kgl. Dar®:e Videnskab. Selskab. Biol. Medd.
13(7):1. []l] Holmgren, H., and Swenson. 1953. Acta Med. Scand., Suppl. 278:71. [12] Kavanau, J. L. 1962.
Experientia 18:382. [13] Lewis, P R., and M. C. Lobban. 1957, Quart. J. Expt. Physiol. 42:356. [14] Lewis, P. R.,
and M. C. Lobban. 1957. Ibid. 42:371. [15] Sharp, G. W. 1961. Nature 190:146. [16] Sharp, G. W. 1962. Ibid.
193:37. [17] Tribukait, B. 1956. Z. Vergleich. Physiol. 38:479. [18] Van Pilsum, J. 1964. Ann. N. Y. Acad. Sci.
117:337. [19] Woodard, A. E., and F. B. Mather. 1964. Nature 203:422,

Part 11I. SINGLE PERTURBATIONS OF ILLUMINATION

L between slashes indicates light perturbation of an otherwise continuous regimen--e.g., DD/Lf(lOSO)[lB minl/DD =
a 15-minute interruption of contim us dark by light, at an intensity of 1080 lux, from a fluorescent lamp.

i
No. of tho1og1ca1 Light Perturbation Afn’;:;:' Ret-
Sub- ariable - Maxi - Remarks er-
[Phase
lects | Marker) Kind Timing T ence
L
1 |Glauco- |Running- |DD/Lj(5.4){10 min]/DD; at|~1 hr before, to ~7 |-75 min |-A¢ complete at first onset | 3
| mys wheel intervals of several days| hr after, onset after perturbation; A¢
vo- activity to several weeks varied up to twofold among
lans, 6| [Onset] individuals
2 ~7-12 hr after on- +25 min [+A¢ required days or weeks
set for completion
3 |Meso- |Running- DD/Li(5.4)[10 min]/DD; at[~0-4 hr after ac- ~70 min {~A¢ maximum at first sub- 4
crice-| wheel intervals of 10 days tivity onset sequent onset
4| tus activity ~4-12 hr after ac- +140 +A¢ maximum after several
aura- | [Onset] tivity onset min transient cycles
5| tus, 1 ~12-24 hr after ac- |0
1 tivity onset B _

continued
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS
Part III. SINGLE PERTURBATIONS OF ILLUMINATION

|Approx-
No, of | Biological Light Perturbation {mate Ret-
Sub- [;; v Maxi- Remarks er-
jects Kind Timing mum ence
Marker] Ae
6 | Frin- |Activity 1L(200)[12 hr):L(0.5)[12 hr]|Last change of L(0.5)(-3 hr  |A¢ determined by extra- 1
gilla [Onset] changed to L1,(200) to L(200) at 5 hr polation from ''free-
coe- after activity onset running'' onsets
7| lebs, Last change of L{0.5)[+6 hr
3-13 to L(200) at 20 hr
after activity onset
8 L(200)[12 hr}:I{0.5)[12 hr]|Last change of L{200)[+1 hr [A¢ for L-to-""D'" transi-
changed to LI1(0.5) to L(0.5) at 4 hr af- tion opposite to that ob-
’ ter activity onset served for ""D"-to-L tran-
sition
9 Last change of L{200)[-6 hr [A¢ for L-to-''D" transi-
to L(0.5) at 21 hr tion opposite to that ob-
after activity onset served for "D'"-to-L tran-
sition
Uca sp.
1 10 Chromato-|LL(860) changed to DD 07% -6 hr 2
11 phores 13% or 19% 0
' [Pat-
tern] o
12| 10 Chromato-|{DD/Lg{1000)[é hr]/DD Beginning ~7 hr af- |+6 hr 8
phores ter start of night
[Pat- phase of rhythm
13 tern] DD/Lg(1000)[16,20, or 24 |Ending ~1 hr after |-6 hr
hr}/DD start of day phase
of rhythm
14 [Droso~ |Eclosion |DD/Lg{1680)[15 min}/DD [I11-16 hr after eclo- [-11 hr [-A¢ nearly maximum at 6
bphila [Distri- sion median first eclosion after per-
pseu- | bution - turbation
15| doob- | median] 17-23 hr after eclo- |+11 hr |+A¢ requires ~6 transient
Scura, sion median cycles to become maxi-
cul- mum
16| tures |Eclosion |DD/L{high)[0.0005sec]/DD|10-17 hr after eclo- |-6 hr 5
[Distri- sion median
17 bution 0-1 hr & 18-24 hr +7 hr
median] after eclosion me-
dian
18| Leuco~ |Running- |[DD/L(2160){(12 hr]/DD Beginning ~7 hr be- (-2 hr 7
phaea | wheel fore onset
19 ma- activity Beginning ~7 hr af- [+1 hr
devae,| [Onset] ter onset
20| 1 DD changed to 0-12 hr after activity|-
Li(270)12 hr]:D[12 hr] onset
21 12-24 hr after activ- [+ |
ity onset

Contributors: Nelson, Walter, and Halberg, Franz

References: [1] Aschoff, J. 1965. In J. Aschoff, ed. Circadian clocks. North Holland, Amsterdam. p.95. [2] Brown,
F. A., and H. M. Webb. 1949. Physiol. Zool. 22:136. [3] DeCoursey, P. 1961. Z. Vergleich. Physiol. 44:331.
[4] DeCoursey, P. 1964. J. Cellular Comp. Physiol. 63:189. [5] Pittendrigh, C. S. 1960. Cold Spring Harbor
Symp. Quant. Biol. 25:159, [6] Pittendrigh, C. S., and D. H. Minis. 1964. Am. Naturalist 98:261. [7] Roberts, S. K.
1962. J. Cellular Comp. Physiol. 59:175. [8] Webb, H. M. 1950. Physiol. Zool. 23:316.
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186. PHASE RELATIONS OF CIRCADIAN RHYTHMS: ANIMALS
Parc 1V. INTERNAL TIMING: MOUSE

Values for Part IV were obtained from analysis of allavailable data, whereas values for Part I are from data for an
integral cycle. Small discrepancies therefore occur in ¢'s (sample phases)between the figure in Part IV and corre-
sponding functions in the preceding tables. The figure was derived from external-timing estimates of 24-hour syn-
chronized circadian rhythms and illustrates the phase difference between two circadian crests, i.e., internal timing.
¢,as delay of 24-hour synchronized circadian crest from local 24%, is givenin clock hours and degrees on outer and
middle scales, respectively. Light-dark regimen (white for light and black for dark) is indicated on inner scale.
¢ = internal timing, given in degrees. C = circadian amplitude; SD = standard deviation, expressed as % of circadian
amplitude. For further information on internal timing, consult reference 1; on methodology, references 2 and 3.

¥5 - Colonic tempergture

¥ 4 - Gross motor achvity

¥ 3- Susceplibiity to ethanol

¥ 2 Adrenal corhicosterone

Y1 -Biood eosmophiis

Contributors: Nelson, Walter, and Halberg, Franz

References: [1] Halberg, F., etal. 1960. Proc. Minn. Acad. Sci. 28:53, [2] Halberg, F.. etal. 1965. Acta En-
docrinol. 50(Suppl. 103). [3] Halberg, F., et al. 1965. Intern. Congr. Anatomists, Proc. (in press).




